ABSTRACT
that utilize nopaline synthesized nopaline and two new compounds, a lysine and an ornithine derivative (ornaline). A normal tissue culture, a habituated tissue culture, and a crown gail culture from a strain of the bacteria unable to utilize either octopine or nopaline did not synthesize any of the amino acid derivatives. We could not detect any other crown gall-specific derivatives of the four basic amino acids.
The molecular mechanism by which dicotyledonous plant cells are transformed to crown gall cells by Agrobacterium tumefaciens may involve the transfer of DNA from the bacterium to the plant cell. Chilton et al (2) have demonstrated the presence of DNA in a cloned line of tobacco crown gall tissue culture cells that is homologous to approximately 3.5 megadaltons of A. tumefaciens plasmid DNA. They believe that part of the plasmid DNA may be transcribed in the crown gall cell because mRNA isolated from crown gall tissue cultures will hybridize with plasmid DNA (3) . Also, hybridization is limited to that portion of the plasmid that is believed to be transferred to the plant cell.
Although there is no direct evidence for functional bacterial gene products in crown gall tissues, their presence has been inferred from the work cited above and that of Morel et aL (14, 18) who discovered that crown gall tissues specifically synthesize unusual amino acid derivatives, namely octopine or nopaline. Further, the particular derivative synthesized by the crown gall cell is determined by the bacterial strain not the plant species ( 18) . Therefore, we believe that the best candidates for bacterial gene expression in crown gall tissue cultures are the enzymes responsible for catalyzing the synthesis of the unusual amino acid derivatives.
Since a limited amount of bacterial DNA is transferred (enough to code for 4-5 polypeptide chains), it is important to know how many unusual amino acids are present in crown gall tissues and how many enzymes are involved in their synthesis. Recently we reported that sunflower crown gall tissue culture (PSCG-B6) synthesized a new amino acid derivative, histopine (10) octopine (9) . We have also reported that PSCG-B6 contains an enzyme that will catalyze the in vitro synthesis of the four members of the N2-(1-carboxyethyl)-amino acid family (5) . The family includes the L-arginine derivative, octopine; the L-histidine derivative, histopine; the L-lysine derivative, lysopine; and the L-ornithine derivative, octopinic acid.
The objectives of this paper are to determine how many unusual amino acid derivatives are present in crown gall tissue culture cells, whether they are crown gall tissue-specific, and whether they are coordinately synthesized. The establishment of a primary sunflower crown gall incited by strain B6 (PSCG-B6, previously identified as PSCG-4) and the establishment of habituated sunflower stem section tissue (HSSS) from healthy tissue (SSS) were described previously (16) . All tissue cultures with the exception of SSS were maintained 4t 27 C in the dark on Linsmaier and Skoog medium (13) lacking hormones. The phytohormone-containing medium for maintaining SSS was described previously (16 [3- 3Hlornithine (22 Ci/mmol, New England Nuclear). After a 24-hr labeling period, tissues were removed and homogenized in 1.5 volumes (w/v) of 10%o trichloroacetic acid. The homogenate was centrifuged for 20 min at 20,000g and the clear supernatant liquid (2-3 ml) was adsorbed to a column (0.9 x 50 cm) of Aminex Q-150S ion exchange resin equilibrated with pH 3.49 buffer. Elution of the amino acids was accomplished by a two-buffer method described earlier (9 Amberlite CG-120 resin and eluted with 0.6 N NH40H as previously described (9) . The preparation was chromatographed on Q-150S resin at pH 3.49. The radioactive peak at 82 ml was pooled, desalted, and rechromatographed on the same resin at pH 3.12. Again, the radioactive peak was collected, desalted on CG-120 resin, and evaporated to dryness (in vacuo). The ethyl ester of histopine was synthesized by substituting ethanol for methanol in the procedure described earlier (8) .
MATERIALS AND METHODS
Purification of Natural Ornaline. (8) . The dried derivative was next heated to 60 C for 20 min with 0.3 ml of trifluoroacetic anhydride and the excess trifluoroacetic anhydride was removed by evaporation.
Colorimetric Assays. The procedure for determining guanidines was that of Menage et al. (15) as modified by Johnson et al. (7) .
The assay was quantitated by measuring the absorbance (As30).
Imidazoles were detected by mixing at room temperature equal volumes of sample, 1% (w/v) sulfanilic acid in 1 N HCI, 5% (w/v) NaNO2 in H20, and 15% (w/v) Na2CO3. Histidine and other imidazoles give a red color at once (17) . The assay is quantitative if the absorbance (A5wo) of the samples is measured immediately.
Compounds with a free primary amino group were detected by mixing an equal volume of sample and ninhydrin reagent and heating to 100 C for 10 min. Ninhydrin reagent contains: 8 g of ninhydrin; 100 ml of 4 M sodium acetate (pH 5.5), and 300 ml of methyl Cellusolve. The assay was quantitated by measuring the absorbance (A570). N2-(D,L-l-Carboxyethyl)-L-histidine (histopine) was also synthesized by a modification of the method of Biemann (1) as described earlier (10) . The final condensation product was then isolated as described above for lysopine.
N2-(D,L-1,3-Dicarboxypropyl)-L-ornithine (ornaline) was synthesized by a modification of the method used by Chilton for nopaline synthesis (6) . The reaction mixture was 1 M L-ornithine, 3 M a-ketoglutarate, and 3 M sodium cyanoborohydride (Aldrich Chemical Co.) (pH 7). After stirring at room temperature for 48 hr, the condensation products were first treated with Dowex 50-W resin (6) and then adsorbed and eluted from CG-120 resin as described above for lysopine. Ornaline was further purified on Q-150 resin and the amino acid analyzer as described for natural ornaline. A small amount of natural [3H] resin with octopine (110-120 ml, Fig. 1 ) or arginine (280-295 ml, Fig. 1 ). The quantity of octopine estimated from the colorimetric assay for guanidines was 1.5 ,umol/20 g fresh wt, very similar to our earlier estimates of octopine in PSCG-B6 tissue (9) . Unlike PSCG-15955, all of the acid-soluble radioactivity from labeled PSCG-T37 or PSCG-C58 tissue eluted with nopaline (80-90 ml) or arginine (Fig. 1) Plant (Fig. 2A) . The peak eluting at 205 ml represented lysine; some of the remaining peaks correspond to other common amino acids, whereas others were unidentified but present in the [3H]lysine as received from the company. Extracts from PSCG-B6 or PSCG-15955 tissue showed almost an identical pattern except the peak at 83 ml was greatly amplified ( Fig. 2A ) over that found with HSSS tissue. The identity of the radioactive peak at 83 ml found in PSCG-B6 or PSCG-15955 was determined when the properties of authentic N2-(D,L-1 -carboxyethyl)-L-lysine (lysopine) were compared to those of the natural radioactive material. The material in PSCG-15955 tissue eluting from the column between 81 to 88 ml was pooled, desalted, and concentrated. An aliquot of the natural material co-chromatographed on an amino acid analyzer at pH 3.12 with synthetic lysopine (Fig. 3, IIIA) . The natural material was detected by measuring radioactivity (Fig. 3, IIIB) and synthetic lysopine by the ninhydrin assay (Fig. 3, IIIC) . The ninhydrin assay indicated that there was about 0.6 ,umol of lysopine/20 g fresh wt tissue (Fig. 3, IIIB) .
Finally, natural and synthetic lysopine co-chromatographed on thin layer in solvent system I (10) with an RF of 0.46. In no case was radioactivity or ninhydrin-positive material observed at any other position on the chromatogram.
In contrast, extracts from PSCG-C58 or PSCG-T37 tissue did not show an increase in the peak at 83 ml but instead an amplification of the peak at 115 ml (Fig. 2B) . PSCG-AT I tissue showed no increase in the peak at 83 ml but possibly a slight increase over .91"%~H SSS in the peak at 115 ml (Fig. 2B) . The material eluting from the resin at 115 ml when extracts of labeled PSCG-C58 or PSCG-T37 tissue were chromatographed has not been identified. When the fractions between 110 to 120 ml were pooled, desalted, concentrated, and rechromatographed in pH 3.12 buffer, the material separated from all of the other compounds (data not shown).
Labeing of Tissues with I3HIOmithine. The labeling pattern of HSSS tissue (Fig. 4) both on the amino acid analyzer (Fig. 3, IIA) and on thin layer in solvent system I (RF = 0.38). Instead of the peak at 88 ml, extracts of PSCG-C58 or PSCG-T37 tissue contained a major peak of radioactivity at 50 ml. Both the peak at 88 ml found in preparations of PSCG-B6 and PSCG-15955 tissues and the peak at 50 ml in PSCG-C58 and PSCG-T37 tissue each represented more than 50% of the total acid-soluble radioactivity in their respective tissue extracts. PSCG-AT1 tissue contained neither of these compounds and its chromatogram was identical to that of HSSS.
The radioactive peak of material eluting from the resin at 50 ml when PSCG-C58 or PSCG-T37 tissues were labeled on [3HJorni-thine appeared to be the new derivative, ornaline. The structure of natural ornaline was confirmed when its properties were compared to those of chemically synthesized N2-(1,3-dicarboxypropyl)-L-ornithine. The radioactive material eluting between 46 and 54 ml (natural ornaline) was pooled, desalted, and concentrated. An aliquot of the radioactive material co-chromatographed with chemically synthesized ornaline on Q-150S resin at pH 3.49 (eluted at 45-50 ml), on the amino acid analyzer at pH 3.12 (eluted at 50-55 ml), and on thin layer in solvent system I (RF = 0.22). In each case, chemically synthesized ornaline was detected by the ninhydrin assay. By using the radioactive material as a marker, natural ornaline was isolated from PSCG-C58 tissue. We estimated from the isolation experiment that PSCG-C58 tissue contained 0.7 ,umol of ornaline/20 g fresh wt.
Finally, the identity of natural ornaline was further confirmed when its mass spectrum was compared to chemically synthesized ornaline (Table I ). The ethyl ester of ornaline exists as the ylactam. This reaction is analogous to the formation at 25 C of ybutyrolactam from ethyl y-amino butyrate. The N-trifluoroacetyl ethyl ester (mol wt 396) of both natural and synthetic ornaline (P) shows a molecular ion at m/e 396 and a base peak at m/e 166. Another prominent ion was at m/e 323 (P-COOC2H5). Other peaks were also consistent with the -y-lactam structure. The relative abundance of all of the ion fragments was the same for natural and synthetic omaline.
Labeling of Tissues with 14CIHistidine. As previously reported (10) [14CJhistidine was the only acid-soluble compound detected in labeled HSSS tissue. The same result was noted with SSS, PSCG-ATI, PSCG-T37, and PSCG-C58 tissue. In contrast, radioactivity in the acid-soluble fraction of labeled PSCG-15955 was present in both histidine and histopine. These results were not unexpected in light of previously reported studies where both PSCG-B6 and SSCG tissues synthesize histopine (10) . The identity of the material chromatographing between 80 and 85 ml was confirmed as histopine by co-chromatography with synthetic histopine in pH 3.12 buffer (Fig. 3, IA) , and on thin layer (10) . Natural histopine was isolated from PSCG-15955 tissue (I ,umol/20 g fresh wt) and its mass spectrum compared to synthetic histopine (Table II) . The two spectra were almost identical. Both showed a molecular ion at m/e 283 (P) and a base peak at m/e 82 (imidazole). Other prominent ions were at m/e 210 (P-COOC2H5) and at m/e 202 (P-imidazole). (10) , octopine (14) , and lysopine (1) is the condensation of pyruvate with histidine, arginine, and lysine, respectively. There are, however, two possible pathways for the synthesis of octopinic acid, i.e. the deguanidylation of octopine and the condensation of pyruvate with ornithine (Diagram 1). If synthesis proceeds by the first pathway, octopinic acid should be labeled from radioactive octopine. However, when PSCG-B6 tissue was labeled with [3H]arginine, 30%o of the total soluble radioactivity was found in octopine and less than 1% was associated with octopinic acid or ornithine (9) . In contrast, when the same tissue was labeled with [3H]-ornithine, the largest peak of radioactivity in the acid-soluble fraction was [3H]octopinic acid. These results suggest that ornithine was not synthesized from arginine and that octopinic acid was not synthesized from octopine. The pyruvate condensation hypothesis is further strengthened by our recent identification of an enzyme in PSCG-B6 that will catalyze the synthesis of the four N2-(l-carboxyethyl)-amino acids from pyruvate, NADPH, and a basic amino acid (5) . Since the pathway for synthesis of octopinic acid is analogous to octopine, lysopine, and histopine, we suggest that the more appropriate trivial name for Nz-(l-carboxyethyl)-ornithine is ornopine. The second group of cultures was composed of tissues incited by A. tumefaciens strains C58 and T37 (the nopaline-utilizing strains). These tissues synthesized nopaline and two new derivatives. The structure of the ornithine derivative, N2-( 1,3-dicarboxypropyl)-ornithine, was confirmed by mass spectral data and cochromatography with the chemically synthesized derivative. Since the derivative is probably synthesized from ornithine and a-ketoglutarate (11, 20) , not by deguanidylation of nopaline, we have given it the trivial name of ornaline (20) . Others have suggested nopalinic acid (4) by analogy with octopinic acid. Any speculation as to the structure of the lysine derivative must await further experimentation since its chromatographic properties are not what we would expect if it were N2-( 1,3-dicarboxypropyl)-lysine. Further, the lysine derivative was not synthesized in crude tissue preparations from a-ketoglutarate and lysine (20) . No histidine derivatives were found in either PSCG-C58 or PSCG-T37.
The third group of tissues is composed of the normal and habituated tissues and the crown gall culture (PSCG-AT I) incited by A. tumefaciens strain ATI (a strain unable to utilize either octopine or nopaline). These cultures are characterized by their inability to synthesize any of the amino acid derivatives (Table   III) .
Any derivative of the four basic amino acids that is less basic than its parental amino acid should chromatograph pn Q-150S resin in advance of the free amino acid. By this reasoning we were able to identify all of the known crown gall-specific amino acid derivatives and to detect three new derivatives. We would like to conclude that there are no other derivatives. However, we cannot rule out the unlikely possibility that there are other crown gallspecific derivatives more basic than the free amino acids. The synthesis of all seven derivatives (Table III) can be accounted for by the catalytic properties of three enzymes, one enzyme (El) that catalyzes the synthesis of the four N2-(l-carboxyethyl) derivatives, one (E2) that catalyzes the synthesis of the two N2-(l,3-dicarboxypropyl) derivatives, and one (E3) that catalyzes the synthesis of the lysine derivative. The first enzyme (El) is found specifically in crown gall tissues incited by octopineutilizing strains of A. tumefaciens. These strains all contain the same Ti plasmid (19) and probably transfer to the plant the same small piece of DNA. We believe that the gene coding for El resides on this small piece of DNA and that El in PSCG-B6 and PSCG-15955 are the same.
The remaining two enzymes (E2 and E3) are found only in crown gall tissues incited by nopaline-utilizing strains of A. tumefaciens. By analogy with the octopine Ti plasmids, we propose that the genes for the synthesis of E2 and E3 are on the nopaline Ti plasmid and are transferred to the plant cell where they are expressed.
